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Abstract 

 

 

The performance of silicon based microelectronic circuit is reaching its end 

of the roadmap with the shrinking down of transistor critical size. Thus, new 

material systems are required for further improvements in speed and power 

consumption of the device. Among many candidate materials, Germanium 

is a possible candidate to substitute silicon for microelectronic devices, as 

its hole mobility is the highest of all semiconductor materials. Together with 

its lower band gap, it could be an ideal material for energy-saving devices. 

This thesis is dedicated to first principles studies of the Ge devices through 

first principle study. We begin the study of density functional theory 

calculations in conjunction with thermodynamic modeling to investigate 

oxygen adsorption on Ge(100) c(4×2) surface and initial oxidation process. 

For several possible adsorption sites, the adsorption energy of atomic 

oxygen as well as the atomic configuration and electronic properties of the 

adsorbed structure were examined. Then, the effect of the surface coverage 

of oxygen from 1/64 to 1/4 monolayers on the adsorption energy was 

considered. Through surface Gibbs free energy as a function of temperature 

and oxygen partial pressure, the (T,P) surface stability diagram was 

predicted for the O/Ge(100) c(4×2) surface. Our theoretical prediction well 

reproduces previous experimental observations.  

Next, first-principles calculations were performed to systematically study 

the atomic and electronic structures of Ge/a-GeO2 interfaces with various 
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surface orientations of Ge. The study shows that the Ge(111)/a-GeO2 and 

Ge(100)/a-GeO2 interfaces have the lowest and highest interface energies, 

respectively. The stability of the Ge/a-GeO2 interface is governed by the 

interfacial bond density and the minimization of the dangling bonds. We find 

that the interface region, composed of the Ge suboxides, dominates the 

electronic structures of the Ge/a-GeO2. The Ge atoms with uncompensated 

dangling bonds result in various trap states within the band gap of Ge, which 

is related to the charge neutrality level of the Ge defect. The band offsets 

between Ge and a-GeO2 show little dependence on the original Ge 

orientation. 

For Ge/high-K systems, the effects of the atomic configuration of the 

epitaxial Ge(111)/La2O3(001) interface on the electrical properties of the 

structure were studied. The interface stability of this heterostructure is 

susceptible to the atomic configuration of the interface. The Ge-O-bonded 

interface without interfacial gap states is generally more stable than the Ge-

La-bonded interface, which involves interfacial gap states. The band 

alignment is affected by the charge transfer depending on the interface 

atomic configuration, and the band bending across the La2O3 region was 

observed due to the electronic dipole inside the La2O3. 

Finally, atomic and electronic properties of Ge nanowire with different 

factors are investigated. For several possible adsorption sites, the adsorption 

energy of atomic oxygen as well as the atomic configuration and electronic 

properties of the adsorbed structure were examined. The adsorption stability 

is not much affected by the nanowire diameter ranging from 0.8 nm to 2 nm, 
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while the electronic structures like band gap and gap states varies depending 

on the nanowire diameter. The interface between Ge nanowire and 

amorphous GeO2 (a-GeO2) were also investigated. The interface region is 

composed of Ge suboxides as that between Ge bulk slab and a-GeO2. The 

valence band offsets between Ge nanowire and a-GeO2 considerably 

decreases as the diameter of nanowire shrinks, while the conduction band 

offsets show less dependence on the diameter of nanowire. 
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Chapter 1. General introduction 

 

1.1  Introduction to unconventional Ge devices 

Since the invention of Si-based metal-oxide-silicon field effect 

transistor (MOSFET), which have been widely used as a main controlling 

unit everywhere in our daily life, there has been fast technology evolution in 

semiconductor industry. The development of MOSFET is accomplished by 

enormous increase in the number of transistors in accordance with Moore’s 

Law proposed in the 1970s. A problem arising from the scaling of the oxide 

layer thickness concerns the leakage current flowing through the gate 

dielectric layer of the Si MOSFET. When the thickness of the gate dielectric 

becomes several nanometers thick, charge carriers can flow through the gate 

due to quantum tunneling effect [1]. With the advances made in Ge-based 

technology in the last years, interest on the enhancement of the intrinsic 

properties of germanium has been raised. Ge with high-K stacking structures 

in general may become available in the future for transistor device 

applications beyond Si transistors. This would be another important 
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advancement in semiconductor physics where germanium might play a 

crucial role. 

However, problems remain at Ge/GeO2 interfaces, as such interface 

structure usually shows considerably higher defect densities than their 

silicon counterparts [2]. This is related to the lower stability of GeO2 

compared to SiO2. GeO2 has a lower melting point, and is soluble in water, 

which makes it vulnerable against environmental influences. At the interface 

with germanium with temperature of ~400℃, it evaporates to GeO in gas 

phase: 

GeO2 + Ge → 2GeO (g) 

Through this process, even an abrupt interface can become abnormal, 

and unstructured interfacial region will appear. This leads to defect densities 

at Ge/GeO2 interfaces, which would greatly affect the operation of electrical 

devices. Also, Ge/GeO2 interface differs from its silicon counterpart, as it 

shows no relevant ESR signals, and the hydrogen passivation does not work 

[3]. ESR spectra of dangling bonds and the passivation with hydrogen are 

similar for amorphous Ge and amorphous Si. The small differences can be 
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explained by differing spin-orbit splitting in the two materials [4, 5]. 

Therefore, the different behavior at the interface must come from the 

substoichiometric GeOx. Therefore, to make progress, it is important to 

achieve a detailed understanding of the electronic and structural properties 

of Ge/dielectric interfaces. 

Besides, as the scaling of the conventional FET push the switching 

device towards its physical operation limits, the possibility to tune the 

properties of semiconductor nanostructures has raised interest for a variety 

of applications using nanowires (NWs). Many experimental and theoretical 

studies have been carried out to investigate the structural and electronic 

properties of Ge NWs. The nanowire semiconductor geometry could 

possibly offer better channel control if it is aligned properly, as it has been 

demonstrated that the quantum confinement effect could lead to an increase 

in the band gap with decreasing nanowire diameter. Thus, our focus for Ge 

device lies on a family of different physical device principles that go beyond 

the functionality and dimension of conventional MOSFET. Also, we will 

investigate the same well-known properties and interfaces of the 

corresponding Ge bulk semiconductor materials as comparison. 
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1.2   Introduction to density functional theories 

Density Functional Theory (DFT) treats the case of an external, time 

independent potential, and it is developed based on the theory proposed by 

Hohenberg and Kohn [6]. The Hohenberg and Kohn theorem stated that once 

the mutual interaction between electrons is fixed, under a non-time 

dependent situation, and we assume that all the potentials acting on the 

system are localized, the knowledge of the complete Hamiltonian (the 

external potential within a constant) and the knowledge of the ground state 

density of the system should represent equivalent information. This means, 

the complete Hamiltonian of the system is determined by the ground state 

density of the electrons alone, just like the ground state density, will be 

determined by the full Hamiltonian [7]. Thus, the ground state density 

uniquely determines the potential, and consequently, all properties of the 

system, including the many-body wave function. Therefore, instead of using 

wave function (dependent on 3N spatial coordinates for N electrons), one 

can alternatively use much simpler electron density which depends only on 

3 variables and determines the system explicitly. The Hohenberg-Kohn 

theorem defines such energy functional for the system, and proves that the 
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well converged and correct ground state electron density could minimize this 

energy functional [8-10].  

From the previous variational principle, the Kohn-Sham equations are 

derived [11-13]. With the introduction of Kohn-Sham method, the many 

body problem of interacting electrons in a static external potential is reduced 

to a much simpler problem of non-interacting electrons moving in an 

effective potential (called the Kohn-Sham potential) [13]. The effective 

potential includes the external potential and the effects of the Coulomb 

interactions between the electrons, i.e. the exchange and correlation 

interactions. Non-interacting systems are relatively easy to solve, as the 

wavefunction of such system could be represented by Slater determinant of 

orbitals. Further, the kinetic energy functional of such a system is also 

exactly known. However, the exchange correlation part of the total energy 

functional remains unknown and must be approximated. The Kohn-Sham 

equations are analogous to the Hartree-Fock equations and they are solved 

in the same way, self-consistently with iterative method [14-15]. As a result, 

the Kohn-Sham orbitals, which is related to the correlated electrons, are 

obtained. 
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The accuracy of DFT calculations depends upon the approximations of 

exchange-correlation function. DFT calculation could deal with local 

electronic energy calculation in very efficient way, but the exact form of 

exchange-correlation function need to be clarified. There are many 

approximations available. Two computationally efficient and commonly 

used methods are the local density approximation (LDA) and generalized 

gradient approximation (GGA) [16-18]. The LDA defines exchange-

correlation function in terms of the local electron probability density. The 

GGA models describe the exchange correlation better than the LDA, and 

greatly reduce the bond dissociation error and generally improve transition 

state barriers [19]. The third generation of density functionals are called 

hybrid density functionals. The hybrid density functionals are orbital-

dependent functionals, where the exchange potential is described partly 

through the nonlocal Fock exchange potential, and partly through a 

semilocal expression [20]. With respect to semilocal functionals, hybrid 

functionals improve various physical properties like ionization potentials, 

electron affinities, and lattice constants. What is most important, the ability 

to improve the description of band gaps of semiconductors has been one 
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major motivation to use such improved functionals. Generally in this work, 

we use GGA-PBE functionals for cell structure optimization and hybrid 

functionals were used for band structure calculations. Our calculated Ge 

crystal band is compared with that of experimental value and the exchange 

coefficient is adjusted accordingly. In this way, a reasonable band gap for Ge 

material could be obtained. 
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1.3   Outline of the dissertation 

 

The improvement of the Ge-functional oxide interface is of interest in 

our study, as experimental and theoretical investigations are needed to 

understand the differences between Si and Ge device interfaces. A special 

focus in our dissertation lies in the structure of the substoichiometric region 

at the Ge interface, which appears at the origin of the main differences 

between Si-based and Ge-based nano devices.  

To model the initial oxidation process in basic Ge surface, in Chapter 2, 

we plan to use DFT calculation which allows us to explore O/Ge(100) 

adsorption structural organizations. This method leads us to a complete 

thermodynamic model of the stable surface phase from oxygen-free Ge 

surface to the bulk oxide GeO2, which is further verified by related 

experimental reports. 

Chapter 3 discusses the stability of Ge and of GeO2 in different 

crystalline phases compared to its Si counterparts. The identified structure 

should be consistent with valence band offset measured experimentally. As 
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for the interfacial substoichiometric Ge/GeOx interface structures, we also 

model disordered Ge defect sites within it. The interface structure composed 

of the Ge suboxide were investigated in terms of the bond length, interface 

bond density, interface energy, and defect energy level. 

In chapter 4, we performed first-principle calculations to study the effect 

of the atomic arrangement matching condition on the formation of a high-

k/Ge heterostructure without an insertion of GeO2 layer. From understanding 

its interface stability and band offset property, we could refine the properties 

of Ge/high-K interface layer and discuss the possibility to utilize these layers 

for the Ge surface control. 

In chapter 5, atomic and electronic properties of Ge nanowire with 

different factors are investigated. Quantum confinement plays an important 

role in Ge nanowire, and makes Ge NW more easily controlled compared 

with silicon nanowire structure. Uniaxial strain is also important factor for 

Ge NW modulation. Ge NW with oxygen adsorption and interface property 

of Ge NW/GeO2 are also studied. 

We conclude this thesis in chapter 6. 
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Chapter 2. Study on the initial oxidation process 

on Ge (100) reconstructed surface 

 

2.1   Introduction 

As Si-based field effect transistors are reaching their physical limits, Ge 

has attracted much attention as a potential channel material candidate for 

metal-oxide- semiconductor field effect transistor (MOSFET) devices due 

to its enhanced electron and hole mobility. The most crucial ingredient of 

the Ge-based MOSFET is to confirm the high-quality interface between the 

Ge and the gate insulator (GI), as for the Si-based MOSFET. It has been well 

established that the thermal oxidation of the Si substrate is the best method 

of assuring a highest-quality Si/GI interface, which must be the case of the 

Ge-based MOSFET. In contrast to Si/SiO2, however, the thermal oxidation 

of Ge does not necessarily guarantee a high-quality interface performance, 

which may be related to the adverse interaction between the chemically 

active Ge and GeO2. Therefore, the understanding of the interaction of 
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oxygen with the Ge surface, such as surface oxidation, is crucial for 

improving the performance of the aforementioned devices [1]. Most of the 

relevant researches, however, focused on the experimental aspects of the 

subject. As the desired thickness of the GeO2 GI approaches ~1 nm, a more 

fundamental understanding of the oxidation process, including the oxygen 

gas adsorption and initial oxidation steps, becomes even more crucial for 

ensuring high-quality GeO2 layer growth. Furthermore, the variations in 

these critical oxidation processes as a function of the typical process 

parameters, such as the oxidation temperature (T) and oxygen partial 

pressure (���
), need to be thoroughly understood. 

The oxygen adsorption on the Ge(100) surface has been the subject of 

numerous studies, and various distinctive configurations of the oxygen 

adatoms on the (100) reconstructed surfaces have been investigated. These 

studies attempted to understand adsorbate-substrate bond structures, and 

similar studies have also been conducted for the other crystallographic 

surfaces of Ge [2-4]. A number of theoretical studies have been performed 

for the adsorption of a single O atom, or have focused on the dissociation of 

O2 [2, 3, 5-8]. Despite the previous relevant experimental and theoretical 
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works, a thermodynamic understanding of the adsorption and initial 

oxidation of the Ge(100) surface has yet to be achieved. 

In the present study, the coverage-dependent behavior of oxygen 

adsorption on Ge(100) and the surface stability diagram as a function of the 

temperature and oxygen partial pressure were investigated using ab-initio 

thermodynamics. To the authors’ knowledge, despite their importance, the 

relative stability of oxygen-adsorbed Ge(100) in contact with an O2 

environment has not yet been reported, and a direct comparison of the 

theoretical prediction with the previous experimental reports has yet to be 

done. The electronic properties of the oxygen-adsorbed Ge surface were also 

calculated. 

  

  



 
 

21 

 

2.2  Computational details 

All the calculations were performed using the Vienna Ab-initio 

Simulation Package (VASP) [9,10]. For the structural relaxation, the 

projector-augmented wave (PAW) method with PBE [11] pseudopotentials 

was used, with 500 eV cutoff energy. For the electronic structure, on the 

other hand, the hybrid functional (HSE06) was adopted using the exact 

exchange coefficient of 0.28, which yielded a 0.73 eV bandgap for Ge [12]. 

The 4s and 4p orbitals for Ge atoms and the 2s and 2p orbitals for O atoms 

were treated as valence electrons. Spin-polarized calculations were used. 

Only the adsorption of the atomic oxygen was considered. This was 

based on the previous theoretical study by Shah et al. [8]. They reported that 

the dissociation of the O2 molecule on the Ge(100) dimer sites proceeds 

through a low energy barrier of ~0.5 eV, which can be readily provided by 

the thermal energy during oxidation. Such researchers also suggested that 

the oxygen adsorption process tends to be dissociative. In the calculations 

on the adsorption of a single oxygen atom, a supercell composed of 80 Ge 

atoms (10 layers) was used to form a Ge(100) slab. The 4×4×1 k-points were 

adopted. To avoid spurious interactions between the top and bottom surfaces 
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caused by the periodic supercell, a 20 Å vacuum region as well as dipole 

moment correction were used. The bottom layer of the slab was saturated 

with H atoms and then fixed while the positions of the top two Ge layers and 

adsorbate were relaxed until the forces on such atoms were less than 0.01 

eV/Å.  

The oxygen adsorption energy (��
�) was calculated as 

��
� =

�

� �
(��/��

���� − ���
����−

� �

�
���

),                             (1) 

where NO is the number of adsorbed oxygen atoms, ��/��
���� is the total 

energy of the adsorbate-substrate system, ���
���� is the energy of the bare 

substrate, and ���
 is the energy of an isolated oxygen molecule, i. e., the 

formation energy of O2 molecule. ���
 was obtained from the spin-

polarized calculations on the triplet-state O2 molecule [6,13]. However, the 

calculated value of 5.56 eV shows a nontrivial overbinding tendency 

compared the experimental value of 5.12 eV, as has been a well-known 

problem of the PBE pseudopotential [14-16]. Therefore, the difference of 

these two values was used as a correction term throughout this study, which 

has been adopted from several previous calculations [17, 18].  

The effect of the thermodynamic condition on the relative stability of 
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the surface structures was studied within the framework of ab-initio 

thermodynamics. The availability of oxygen from the environment was 

represented by the oxygen chemical potential (��), which is a function of 

the gas-phase temperature T and the oxygen partial pressure ���
. The 

dependence of �� on T and ���
 is given by 

����, ���
� = ����� + ������ − ����� �

���

�� �,             (2) 

where ����� and ����� are the changes in the zero-point energy and the 

vibrational entropy of the O atom during the adsorption process, respectively, 

while �� is 1 atm. The harmonic vibrational frequency was calculated to 

determine the ����� and ����� of the adsorbed O atom. The entropy of 

the free O2 molecule was taken from the NIST database [19]. 

For a given  ��(�, ���
) , the thermodynamically preferred surface 

structure is the one with the lowest Gibbs free energy, which was calculated 

as 

�� = ��� ��⁄
���� − ���

����− ����(�, ���
)�/�,              (3) 

where �� is the relative surface Gibbs free energy per area with respect to 

the bare Ge(100) c(4×2) surface. The calculated Gibbs free energies of the 
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oxygenated and oxygen-free slab models are denoted as �� ��⁄
���� and ���

����, 

respectively. �  is the in-plane surface area of the slab model. In the 

calculations of �� ��⁄
���� and ���

����, the contributions from the vibration of the 

Ge atoms and the pressure-volume term of the Ge slab were neglected. On 

the other hand, the vibrational effect and entropy of the adsorbed oxygen 

were considered separately, as shown in equation (2). Based on this 

assumption, �� ��⁄
���� − ���

����  was replaced by ��/��
���� − ���

����  obtained 

from the DFT calculations, as in the previous studies [20,21]. By combining 

equations (1), (2), and (3), equation (4) is obtained. 

�� = [��
� − ���] · ��/�              (4) 

In this equation, ��� denotes the relative oxygen chemical potential 

with respect to the formation energy ���
 of an O2 molecule.  

��� = ����, ���
� −

�

�
���

                    (5) 
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2.3   Results and discussion 

2.3.1 Single oxygen adsorption stability 

As surface reconstruction decreases the density of the dangling bonds, 

it induces a reduction in the surface energy. For the Ge(100) surface, the 

calculation showed that the c(4×2) reconstructed surface is energetically 

more stable than the rest of the reconstructed surfaces, including (2×1) or 

p(2×2). This result is consistent with the previous calculation results [22,23] 

and experimental observations [24,25]. Therefore, the Ge(100) c(4×2) 

reconstructed surface was selected to build a model of oxygen atom 

adsorption. 

Fig. 2.1(a) is the top view of the Ge (100) c(4×2) surface. The rhombus 

is the unit cell of this c(4×2) reconstruction while the dotted rectangle is the 

calculated cross-sectional area in the slab model whose surface area is twice 

larger than that of the rhombus. Several potential sites on this surface (dimer-

bridge, back bond-down, back bond-up, dangling bond-down, and dangling 

bond-up sites labeled as A-, B-, C-, D-, and E-sites) were investigated for 

the adsorption of a single oxygen atom, as the Ge dimer on the top layer of 

the surface has been reported to be prone to oxygen adsorption [26]. The 
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oxygen coverage is 1/32 monolayer (ML). Fig. 2.1(b) shows the relaxed 

atomic structures of the oxygen-adsorbed surface on these five sites. 1u and 

1d denote the dimer-up and dimer-down atoms on the topmost layer of the 

Ge(100) surface, respectively. R1 indicates the bond length between the 

adsorbed oxygen and the first nearest Ge atom, while R2 indicates that 

between the oxygen and the second nearest Ge atom. The vertical height of 

the oxygen above the topmost Ge layer is indicated as dO-Ge in the side view. 

Table 2.1 lists the adsorption energy and atomic structures of R1, R2, and dO-

Ge. The negative adsorption energy means that the oxygen adsorption is 

thermodynamically favorable. 

Among the sites that were investigated, the most stable configuration 

corresponds to the dimer-bridge adsorption with the lowest adsorption 

energy. When the oxygen atom was incorporated into the Ge dimer bond, 

the Ge-Ge dimer bond was broken, and the bond lengths between Ge and O 

(R1 and R2) were found to be 1.80 and 1.88 Å, respectively. These results are 

in feasible agreement with those of the previous theoretical study of the 

oxygen adsorption on Ge(100) by Kirchner et al. [27], which reported a bond 

length of 1.79 Å. This value is also comparable to the bond length in the 
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rutile-structure GeO2, implying the probable formation of new Ge-O-Ge 

bonds. The dO-Ge in this structure is 0.47 Å, which is consistent with the 

previous scanning tunneling microscopy (STM) observation [2], showing 

the typical single-oxygen-atom adsorption onto a Ge-Ge dimer, inducing a 

broken dimer. Besides the dimer-bridge structure, the back bond-down 

structure also showed relatively low adsorption energy, which is also 

consistent with the previous studies [7,8]. Grassman et al. also reported a 

back-bond insertion site in their STM observation [3]. 

The electron transfer from the Ge to O atoms for the five 

aforementioned sites was also examined via Bader charge analysis, and the 

results are summarized in Table 2.1. The electron transfer occurs from the 

Ge to the O atom. In the dimer-bridge site, the transferred electron was 1.20 

e-, which is comparable to that of the rutile-structure GeO2 (1.24 e-). The 

electron transfer values for the adsorption at the other four sites (back bond-

down, back bond-up, dangled bond-down, and dangling bond-up) were 1.17, 

1.12, 0.90, and 0.96 e-, respectively. It was noted that the lower the 

adsorption energy was, the higher the electron transfer to the O atom, 

suggesting that the electron transfer to the surface oxygen atom is related to 
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the adsorption stability as well as the strength of the Ge-O bond. 

To study the electronic properties, the layer-resolved density of states 

(LDOS) was plotted. Fig. 2.2(a) shows the LDOS of the bare Ge(100) c(4×2) 

surface showing a 0.53 eV bandgap, which is slightly lower than the 

calculated bandgap of Ge bulk crystalline (0.73 eV). This may be attributed 

to the localization of the conduction band minimum (CBM) in several top 

layers of the Ge slab (see Fig. 2.5). Fig. 2.2 (b) and (c) are the LDOSs for 

the oxygen-adsorbed surfaces with low adsorption energies. Compared with 

(a), the O adsorption on the dimer-bridge site in Fig. 2.2(b) did not induce 

any significant change in the LDOS, maintaining the bandgap of Ge at ~0.53 

eV. In Fig. 2.2(c), on the other hand, the LDOS of the O adsorbed on the 

back bond-down site shows some differences, although the bandgap was 

maintained at ~0.53 eV. It has additional σ-bonding states at 0.6 eV below 

the Fermi level (Ef) and σ*-antibonding states at 1.2 eV above Ef, as 

indicated by the arrows in Fig. 2.2(c), which are consistent with the earlier 

discussion by Gurlu et al. [28]. 
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Table 2.1 Adsorption energy, atomic structure of R1, R2, and dO-Ge, and 

electron transfer of the O-atom-adsorbed Ge(100) c(4×2) surface, with 1/32 

ML oxygen coverage. The values of the rutile-structure GeO2 are also 

provided for comparison. 

 

Oxygen  

adsorption site 

Adsorption  

energy (eV) 

R
1
 (Å)

 
R

2
 (Å) d

O-Ge 
(Å)

 

Electron  

transfer 

(e-) 

Dimer-bridge (A-) -3.14 1.80 1.88 0.47 1.20 

Back bond-down 

(B-) 

-3.03 1.80 1.87 -- 1.17 

Back bond-up (C-)  -2.75 1.83 1.85 -- 1.12 

Dangling bond-down 

(D-) 

-2.49 1.71 -- 0.13 0.90 

Dangling bond-up 

(E-)  

-2.35 1.70  -- 0.98 0.96 

Rutile-structure GeO
2
 

-- 1.90 1.92     -- 1.24 
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2.3.2 Multiple oxygen adsorption stability 

Next, to study the effect of the oxygen coverage on the adsorption 

behavior for the Ge(100) c(4×2) surface, the adsorption energy was 

calculated when the surface coverage of the oxygen atoms varied. For the 

higher coverage, the various combinations of the adsorption sites were taken, 

and their adsorption energies were calculated. On the other hand, for the 

lower coverage of 1/64 ML, a slab model with a twice larger cross-sectional 

area was used (see Fig. 2.3). The k-points along the in-plane directions for 

the calculations of this larger slab were scaled according to the cell size to 

maintain the k-point density. As shown in Table 1, the adsorptions on the 

dimer-bridge site (A-site) and the back bond-down site (B-site) were notably 

more favorable than those on the other sites, and thus, only these two sites 

were considered for the coverage-dependent behavior. Fig. 2.4 shows the 

adsorption energy and electron transfer as a function of the oxygen coverage. 

For a specific surface coverage with different oxygen adsorption locations, 

all the possible structures were tested, but only the structure with the lowest 

adsorption energy was considered in this figure. The adsorption stability of 

O on Ge(100) c(4×2) distinctly decreases with the increase in coverage from 
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1/64 to 1/4 ML. The dimer-bridge site is more favorable for the back bond-

down site for the entire range of the coverage, and the difference in 

adsorption energy between the former and the latter for a given coverage is 

less than 0.4 eV/atom. The electron transfer to the adsorbed O atoms showed 

a similar tendency to decrease with the coverage. These results coincide with 

those of a previous theoretical work on oxygen adsorption on the low-index 

surface of ZrC [29]. It also reported an adsorption stability and electron 

transfer decrease after successive multiple oxygen adsorptions, and 

suggested that an increased oxygen coverage contributes to the repulsion 

between adsorbates, resulting in a decrease in the amount of charge transfer. 
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2.3.3 Phase diagram for oxygen adsorption with various 

surface coverage 

From the adsorption energies at various coverages on Ge(100) c(4×2), 

the stability of the adsorbed structures was predicted. Within the framework 

of ab-initio thermodynamics, the Ge surface is assumed to be in 

thermodynamic equilibrium with O2 gas [30,31]. The gas phase was 

represented by the oxygen chemical potential ���, as in equation (4), which 

in turn was given by T and ���
. The energetically favorable surface is the 

one with the lowest relative surface Gibbs free energy per area, �� for a 

given T and ���
. Fig. 2.6(a) shows the variation in the �� of the calculated 

surface structures as a function of ���. These free energies are the relative 

values compared to the clean surface, as defined in equation (4). The upper 

limit of ��� for the oxygen-adsorbed surface was determined to be -2.37 

eV, which is a half the calculated formation energy of bulk GeO2.  In 

contrast, at the lower limit of ���, corresponding to the lowest ���
 or the 

highest T, ��  is above zero. In between these two limits, several 

oxygenated surface structures appear as straight lines with a -NO/A slope. 

That is, the absolute value of the slope is proportional to the oxygen coverage. 
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The surface structures with the lowest free energy for a given ���  are 

represented as bold lines, and the segments are labeled based on the surface 

structure and the oxygen coverage in ML. The intersection point of the two 

lowest energy lines corresponds to the transition from one surface structure 

to another. From the clean Ge(100) c(4×2) surface, the increase in ��� to 

-3.01 eV induces a transition from the 1/64 ML dimer-bridge structure to the 

1/32 ML dimer-bridge structure. A further increase in ΔμO at -2.75 eV results 

in the transition to the 1/16 ML dimer-bridge, and that at -2.46 eV results in 

the transition to the 3/32 ML dimer-bridge.The surface structure with the 

lowest �� as a function of ��� in Fig. 2.6(a) was converted to that as a 

function of T and ���
, as shown in Fig. 2.6(b), using the expression of ��� 

as a function of T and ���
 in equation (5). In this surface stability diagram, 

the stable adsorbed structures between the clean-surface and GeO2 regions 

are shown. The calculated stability diagram can be directly compared with 

those in previous in-situ experimental investigations of the oxidation of the 

Ge(100) substrate. In the work of Molle et al., the as-prepared Ge samples 

were promptly exposed to an atomic O beam at the oxygen partial pressure 

of 5×10-8 bar [32]. Following the oxidation process from room temperature 
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to 300℃, the transformation of GeO2 into suboxides sets at approximately 

400℃ (673 K) (marked as a square in Fig. 2.6(b)), which is comparable to 

the calculated result of 661 K in this work. On the other hand, Prabhakaran 

et al. reported the fabrication of a clean Ge surface by annealing the thin Ge 

oxide layer formed on the Ge(100) substrate until the peak positions of the 

Ge(100) dimers could be detected via ultraviolet photoelectron spectroscopy 

[33]. The annealing conditions were ~500℃ and ~10-10 bar (marked as a 

circle in Fig. 2.6(b)), which also coincide with the prediction in this work. 

These observations show that the predicted surface stability diagram for the 

initial oxidation of Ge(100) is consistent with the experimental reports. 
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2.4 Summary  

In summary, the adsorption behavior of atomic oxygen on various 

adsorption sites of the Ge(100) c(4×2) reconstructed surface and its oxygen 

coverage dependency were calculated through density functional theory 

calculations. The dimer-bridge structure was found to be the most stable for 

oxygen adsorption, and the back bond-down structure was found to be the 

second most stable. As the oxygen coverage becomes higher, the adsorption 

becomes less stable. By combining with thermodynamic modeling, the 

surface stability diagram as a function of the temperature and oxygen partial 

pressure was obtained, which enables a direct comparison with the 

experimental initial oxidation. The computational results that were obtained 

in this study are consistent with the previous experimental observations, 

suggesting that the calculation results can be utilized as a useful guide in 

determining the appropriate oxidation conditions for high-quality GeO2 

growth. 
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Fig. 2.1 (a) Surface unit cell of the Ge(100) c(4×2) reconstructed surface 

indicated by the rhombus. The calculated cross-sectional area is presented 

by the dotted rectangle. The potential adsorption sites around dimer structure 
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are labeled as A-, B-, C-, D-, and E- sites. (b) Top view and side view of the 

relaxed atomic structures of the oxygen atom adsorbed surface on the five 

sites. R1, R2 and dO-Ge indicate the bond length between the oxygen and the 

first nearest Ge atom that between the oxygen and the second nearest Ge 

atom, and vertical height of the oxygen above the topmost Ge layer, 

respectively. 
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Fig. 2.2. Layer-resolved DOS of the (a) bare Ge(100) c(4×2) surface (b) 

oxygen adsorbed on the dimer-bridge (A-site) and (c) oxygen adsorbed on 

the back bond-down (B-site) structures. σ-bonding state below the Fermi 

level (Ef) and σ*-antibonding states above Ef are indicated by the arrows.  
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Fig. 2.3. Atomic structures of the Ge(100) c(4×2) reconstructed surface. (a) 

Surface area is the same as the rectangle shown in Fig. 1 (a). (b) Surface area 

is twice larger than the surface in (a) to calculate the 1/64ML. (a) and (b) are 

the top views, while (c) is the side view.  
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Fig. 2.4. Calculated lowest oxygen adsorption energy and highest electron 

transfer as a function of the oxygen coverage for the dimer-bridge (A-site) 

and back bond-down (B-site) structures.  
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Fig. 2.5. Wave function of (a) conduction band minimum (CBM) and (b) 

valence band maximum (VBM) for the bare Ge (100) c(4×2) surface. The 

isosurface level is 1.012 e-/Å3. 
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Fig. 2.6 (a) Calculated relative surface free energy per area of the oxygen 

adsorbed Ge(100) c(4×2) surface as a function of the oxygen chemical 

potential; only the dimer-bridge (A-site) and back bond-down (B-site) are 

considered. (b) surface stability (T, ���
) diagram showing the most stable 

structures. Results from previous experimental reports [25,26] are also 

represented by square and circle symbols.  
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Chapter 3. Orientation-dependent properties of Ge/a-

GeO2 interfaces 

 

3.1  Introduction 

Si-based field effect transistors (FETs) approach their physical limits 

such that further decrease in the gate length induces too much increase in the 

subthreshold-current.  Therefore, instead of further decreasing the gate 

length to increase the on-current, adopting higher mobility channel, such as 

Ge, could be a feasible solution to this problem. Ge possesses favorable 

properties as a transistor channel material, with a low but sufficient band gap 

(Eg=0.66 eV) and higher carrier mobility than Si [1]. Ge also provides a low 

process temperature for dopant activation, which facilitates the integration 

with high-dielectric materials such as Al2O3 and HfO2 [2,3].  

In contrast to Si-based devices, however, unstable GeO2 (and GeOx) has 

been an obstacle to the practical application of Ge-based transistors [4]. 

Thermally grown high-κ layers on Ge substrates often exhibit a high density 

of interfacial trap states (Dit), hindering the reliable operation of Ge-based 
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FET devices [5,6]. This is due to the lower stability of GeO2 compared with 

SiO2, as the former dissolves relatively easily in water and decomposes in 

the mid-temperature range (<500°C), which is unfavorable for the device 

operation [2,5]. Ideally, Ge-based transistors need to have low Dit and low 

equivalent oxide thickness (EOT) simultaneously for the scaling down of 

field effect devices. These requirements have stimulated processing 

approaches that form ultrathin GeO2-like interface layers between high-κ 

dielectrics and the underlying Ge channel. Recent improvements in the 

processing conditions using the thermal growth in high-pressure O2 or ozone 

environment [7,8] and neutral beam oxidation [9] have successfully reduced 

the Dit of Ge/GeO2 comparable to that of Si/SiO2. It implies that controlling 

the quality of the interface between Ge and amorphous GeO2 (a-GeO2) 

remains crucial for the successful application of Ge in the next-generation 

transistors.  

Previous reports have indicated that the interfacial dangling bonds (DBs) 

in a Si/SiO2 interface play an important role and can be efficiently passivated 

by hydrogen [8-10]. Compared with Si, there have been more debates on the 

existence and significance of the DBs for the Ge/GeO2 interfaces. Both 
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theoretical and experimental studies [10–12] suggest that the DBs in 

Ge/GeO2 are charge trapping centers, which are probably responsible for the 

Fermi level pinning. Unlike the Si counterpart, hydrogen passivation in 

Ge/a-GeO2 interface is not effective in reducing the number of DBs [11]. 

Despite their importance, little information has been known on the 

theoretical understanding of the DBs at the Ge/GeO2 interface.  

On the issue of theoretical research on Ge/a-GeO2, Houssa et al. studied 

the behavior of Ge atom with a single dangling bond at Ge(100)/GeO2 

interface [12,13]. They stated that the defect state of Ge is possibly at/below 

the detection limit of the electron spin resonance. On the other hand, 

Broqvist et al. reported that the defective Ge atom in Ge(100)/GeO2 might 

trap electrons within the band gap of Ge, providing a possible explanation 

on the poor performance of Ge-based devices [14]. Despite all these 

theoretical investigations, the reported literature has been limited to the 

Ge(100)/a-GeO2 interface, and the electronic properties of Ge/a-GeO2 

interfaces have rarely been discussed owing to the underestimation of the 

band gap using the conventional pseudopotentials.  

Recent efforts to scale down the field effect devices have led to the 
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introduction of some novel three-dimensional device structures such as the 

FinFET, tri-gate, and gate-all-around (GAA) nanowire devices [15,16]. 

These nonplanar devices involve various surfaces of Ge due to the tapering 

of the sidewalls as well as the shape effect itself, and their effects might not 

be negligible on the sub-10 nm scale. Despite the importance of the 

understanding on the interface between non-(100) oriented Ge and a-GeO2 

as well as that between Ge(100) and a-GeO2 for the improvement in the 

performance of Ge-based nanodevices, theoretical understanding on the 

Ge/GeO2 interfaces with different Ge orientations remain to be elucidated.  

Therefore, in this study, the structural and electronic properties of Ge/a-

GeO2 interfaces were investigated using density functional theory (DFT) 

calculations. We focus on the substoichiometric region having DBs at the 

interface. To examine the orientation effects, we assume the interface 

structures composed of Ge(100), Ge(110), or Ge(111) slabs and an a-GeO2 

slabs. The interface stability was evaluated in terms of the interface energy 

and interface bond density, and electronic structures such as the band gap 

and band offset were also obtained.  
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3.2  Computational details 

All the calculations were performed using the Vienna Ab-initio 

Simulation Package (VASP) [17,18]. For the structural relaxation, the 

projector augmented wave (PAW) method with PBE [19] pseudopotentials 

was used, with the cutoff energy of 400 eV. For the electronic structure, on 

the other hand, the hybrid functional (HSE06) [20] was adopted using the 

exact exchange coefficient of 0.28, which yielded the band gap of Ge as 0.73 

eV. The 4s and 4p orbitals for Ge atoms and the 2s and 2p orbitals for O 

atoms were treated as valence electrons. The a-GeO2 structure was obtained 

using the melt-quenching method in ab-initio molecular dynamics 

simulations [21]. An α-quartz GeO2 supercell was amorphized through 

initial randomization at 5000 K for 2 ps, followed by melting at 2500 K for 

10 ps, and a final quenching process from 2500 to 0 K at a cooling rate of 

100 K/ps. To construct the interface structure of Ge/a-GeO2, an a-GeO2 slab 

was placed on Ge(100), Ge(110), or Ge(111) slabs. They were composed of 

~ 200 atoms, and their total thicknesses were all similar (27-33 Å) to allow 

a comparison of the orientation effect . The atoms at the interface region of 

approximately 8 Å thickness were relaxed using a (4×4×1) k-point mesh, 
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ensuring the convergence of the Hellmann-Feynman force below 30 meV/Å. 

The interface energy was calculated using the following equation: 

γ =
��������������

�
                    (1) 

where, Etot is the total energy of the interface structure model, EGe is the 

energy of the Ge bulk structure, EGeO2 is the energy of the a-GeO2 bulk 

structure, and A is the truncation area of the Ge/GeO2 supercell, respectively. 

To alleviate the effect of the random nature of the amorphous material, we 

examined five sets of Ge/a-GeO2 interface structures for each interface 

structure with a different Ge orientation. The details of the atomic structures 

are shown in Fig. 3.1 and Fig. 3.2. 
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3.3  Results and discussion 

3.3.1 Interface energy with various surface termination 

Fig. 3.3(a) shows the bond length distribution at the interface region for 

the three interface structures. The z-axis is the normal direction to the 

interface, with a zero point at the initial top of the GeOx slab bonding to the 

Ge slab, and all the atoms in the z range shown in this figure were relaxed. 

A suboxide GeOx layer was formed by the atomic relaxation, whose 

thickness is approximately 2.5 Å and denoted by the two vertical dashed 

lines in Fig. 3.3(a). As can be observed, the thickness of the GeOx interface 

layer is similar for all the three different interface structures. The calculated 

bond length of Ge–Ge in bulk Ge and that of Ge–O in the α-quartz phase of 

GeO2 are also denoted by the horizontal dashed lines, as a guide. While the 

valence state of the Ge atoms in bulk Ge is the Ge0, and that in the bulk a-

GeO2 is the Ge4+, the valence state of Ge in the GeOx region is diverse: Ge1+ 

(one Ge–O bond), Ge2+ (two Ge–O bonds), and Ge3+ (three Ge–O bonds) 

states. It is noted that some DBs formed at the interface layer. Near the 

interface layer, the bond lengths in the Ge and a-GeO2 regions also slightly 

depart from the bulk values: the bond length of Ge–Ge in the Ge region 
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increases by up to 8%, and the bond length of Ge–O in the a-GeO2 region is 

slightly longer than the bulk value, with a maximum of 2.05 Å.  

Fig. 3.3(b) shows the interface energy and interface bond density for the 

calculated interface structures, with the error bars indicating the standard 

deviation among the five separate calculations for each orientation. The 

interface energies for the Ge(100)/a-GeO2, Ge(110)/a-GeO2, and Ge(111)/a-

GeO2 structures were calculated to be 1.05 (±0.11), 0.97 (±0.02), and 0.88 

(±0.05) J/cm2, respectively, showing distinct differences, with the maximum 

for Ge(100)/a-GeO2 and the minimum for Ge(111)/a-GeO2. On the other 

hand, the interface bond density was calculated as the sum of the number of 

Ge–Ge and Ge–O bonds per unit area formed across the initial interface (see 

Fig. 3.2(a) and (b)). It is the lowest for Ge(100)/a-GeO2 [7.9 (±2.0) cm-2] 

and the highest for Ge(111)/a-GeO2 [11.8 (±2.1) cm-2], showing a tendency 

opposite to that of the interface energy. It should be pointed out that an 

increased density of bonds formed across the interface contributes to 

interface stability, resulting in a decrease in the interface energy, as 

suggested by the behavior at the interface between two amorphous materials 

[22]. The behaviors of the interface energy and bond density may be 
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attributed to the properties of the Ge bare surfaces: the Ge(111) and Ge(110) 

surfaces form one DB per surface Ge atom, while Ge (100) forms two DBs 

per surface Ge atom, leaving a larger DB density at the (100) surface. This 

is consistent with the report by Chadi [23] that the formation of an interface 

with basic index facets is driven by the minimization of the DBs. 

  



 
 

57 

 

3.3.2 Electronic structure of Ge/GeO2 interface 

Fig. 3.4 shows the partial density of states (pDOS) of the Ge atoms at a 

Ge(100)/a-GeO2 interface structure calculated using HSE06. The bonding 

environments of Ge atoms are diverse, leading to the diverse pDOSs of Ge 

atoms. O atoms, however, tend to be bonded with two Ge atoms, making 

their pDOS more uniform. We thus focus on the pDOS of Ge atoms. The 

pDOS of the four-folded Ge atoms in the Ge bulk region (Ge0) and those of 

the suboxide states with Ge1+, Ge2+, and Ge3+ atoms are nearly identical, and 

the band gap at the interface region appears similar to that of the bulk 

crystalline Ge. On the other hand, the pDOSs of the Ge atoms with DBs at 

the Ge/a-GeO2 interface vary depending on the suboxide state of Ge as in 

the previous study on the DBs and vacancies in bulk Ge [24]. To describe 

the bonding configuration of Ge, we adopted the symbols from the previous 

studies [25,26]. For example, •Ge≡Ge3 in Fig. 3.4 stands for a Ge atom 

bonded to three Ge atoms having one dangling bond, where the dot indicates 

a dangling bond and the dash indicates the bond between Ge and another 

atom, respectively. All pDOSs of the 15 models were investigated (see Fig. 

3.5(a) for 5 models of Ge(100)/a-GeO2, (b) for 5 models of Ge(110)/a-GeO2, 
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and (c) for 5 models of Ge(111)/a-GeO2) and all the models contain 

•Ge≡Ge3, which was determined to possess ~3.70e− through the Bader 

charge analysis. (Fig. 3.5 provides all the dangling bond (DB) states of Ge 

in the band gap vs. Bader charge for various Ge defect configurations 

observed in all the models of three Ge orientations.) Note that 12 models out 

of the 15 models showed no state in the band gap for the •Ge≡Ge3 as in Fig. 

3.4 but substantial changes below the valence band edge (VBE) as indicated 

by an arrow in Fig. 3.4. The exceptional cases showing some gap states by 

the •Ge≡Ge3 always have neighboring defective Ge atoms with strong 

peaks in the similar gap states. (See the ••Ge=GeO in the model 3 of Fig. 

3.4(b), the •Ge≡GeO2 in model 3 of Fig. 3.5(c), and the •Ge≡Ge2O in 

model 4 of Fig. 3.5(c)). Therefore, the gap states by the •Ge≡Ge3 are likely 

affected by the attenuation of states from other types of defective 

neighboring atoms, which was similarly observed in Si/SiO2 interfaces [27].  

The other two configurations of Ge atom with one DB are •Ge≡Ge2O 

(Ge atom bonded to two Ge atoms and one O atom having one dangling 

bond) and •Ge≡GeO2 (Ge atom bonded to one Ge atom and two O atoms 

having one dangling bond). They are more positively charged, possessing 
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3.18 e− for the •Ge≡Ge2O and 2.94 e− for the •Ge≡GeO2 on average, 

respectively. For these partly oxidized Ge atoms, extra states in the band gap 

were clearly observed, suggesting a different defect energy level for such 

defects, which would induce serious problems for the operation of the Ge-

based devices. (as examples, see the models 2, 3, 5 in Fig. 3.5(a), the model 

2, 4, 5 in Fig. 3.5(b) and the models 3, 4 in Fig. 3.5(c)). 

Ge atoms with two DBs, including ••Ge=Ge2, ••Ge=GeO, and ••Ge=O2, 

exhibit a variety of defect states. ••Ge=Ge2 defects possess a 3.23 e− of the 

Bader charge on average, with a standard deviation as high as 0.28 e−. This 

variation in charge possession depends on whether the Ge DB site is located 

in an O-rich environment because these Ge sites with two DBs are seemingly 

more prone to losing electrons. The average charge possession values for 

••Ge=GeO and ••Ge=O2 defects are 3.08 and 2.49 e−, respectively. For these 

sites, the DB states tend to occur in a region close to the conduction band 

minimum (CBM) and extend into the conduction band (see the models 1, 4, 

5 in Fig. 3.5(a), the models 1, 2, 3 in Fig. 3.5(b) and the models 1, 2, 3 in 

Fig. 3.5(c)). The pDOS of the Ge atoms in the interface region all exhibits a 

similar behavior for the Ge(100)/a-GeO2, Ge(110)/a-GeO2 and Ge(111)/a-
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GeO2 interface structures regardless of the Ge orientation.  

The defect levels in this study is consistent with the defect levels 

determined by the previous DFT studies reporting that the DBs in Ge are 

dominated by the charge neutrality level of the Ge defect atoms [28]. Weber 

et al. [29] calculated the transition level of Ge with DB in Ge bulk crystalline 

and determined that the Ge −/0 transition level occurs at Ev − 0.52 eV while 

the Ge 0/+ transition level occurs at Ev − 0.38 eV. Therefore, in the case of a 

relatively negative charge state, the Ge DB state will appear below the 

valence band rather than in the Ge band gap, as shown in Fig. 3.6. When a 

Ge DB is in an oxygen-rich region and has more positively charged state, 

the DB level may shift closer to the conduction band. This could explain the 

experimental observation that •Ge≡Ge3 defects (called “Pb centers” in the 

previous studies [30]) are more difficult to passivate with H [31],  because 

both DBs and H tend to be negatively charged. Overall, the electronic 

structures of the Ge/GeO2 interface are dominated by the charge neutrality 

level of the Ge defect atoms.  
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3.3.3 Band offset calculation with different surface orientation 

Next, the band offsets across the Ge/a-GeO2 interface structure were 

determined by aligning the band structures of the separated Ge and a-GeO2 

slabs with a reference potential that varies across the interface (see Fig. 3.7) 

to keep the continuous Fermi level throughout Ge and a-GeO2. The 

conduction band offset is defined as the difference between the CBMs of 

GeO2 and Ge, while the valence band offset is defined as the difference 

between the VBMs of GeO2 and Ge, respectively. The band offset is the 

barrier for the injection of electrons or holes into the oxide bands, which are 

crucial parameters for Ge FET devices. First, the relative positions of the 

band spectra for these two slabs are determined in two separate bulk 

calculations. Then they are aligned with respect to the inner core states of 

the Ge 3d orbitals based on the previous research shown that these inner core 

states are stable regardless of the changes in the surface orientation, and are 

least affected by the structural disorder [32]. Second, when the two slabs are 

brought into contact with each other, the charge redistribution at the 

interface creates a local potential difference through the interface. The 

average value of this local potential difference for the five supercell sets in 



 
 

62 

 

each Ge orientation is used as the reference potential level for the calculated 

Ge 3d orbital core states. With such mixed schemes, the band offset of the 

Ge/a-GeO2 interface could be determined. 

The band offset models for the Ge/a-GeO2 interface are presented in Fig. 

3.8. The calculated average valence band offsets for the Ge (100), (110), and 

(111) orientations are 3.98±0.16, 3.87±0.08, and 3.96±0.14 eV, respectively. 

These calculated values are in good agreement with the previously reported 

experiment value of 4.1 eV for the Ge/a-GeO2 [33]. The corresponding 

conduction band offsets for the three directions are, therefore, 1.10±0.16, 

1.19±0.08, and 1.09±0.14 eV for the Ge (100), (110), and (111) orientations, 

respectively. Interestingly, the band offsets are very similar among the three 

orientations for both the valence and conduction bands. The negligible effect 

of the Ge orientation on the band offset at Ge/a-GeO2 is consistent with the 

recent experimental study on the Ge/a-GeO2 interfaces showing the similar 

band offset regardless of the Ge orientations [34]. This suggests that any 

three-dimensional structure may be utilized without a significant tuning of 

the Ge/a-GeO2 interface regardless of the Ge orientation. As the conduction 

band offsets are over 1 eV for all the three orientations, the Ge/a-GeO2 
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interface is expected to suppress the gate leakage current in device 

applications.  
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3.4 Summary 

In summary, the atomic and electronic structures of Ge/a-GeO2 

interfaces are investigated for the three Ge orientations of (100), (110), and 

(111) by the first-principles calculations. The interface energy is the highest 

for the Ge(100)/a-GeO2 interface and the lowest for the Ge(111)/a-GeO2 

interface. On the contrary, the interface bond density is the lowest for the 

Ge(100)/a-GeO2 and the highest for the Ge(111)/a-GeO2, implying that the 

bond formation stabilizes the interface. The suboxide interface layer 

dominates the density of states, especially when any Ge atom with 

uncompensated DBs may result in trap states in the band gap. The electronic 

band offsets of the Ge/a-GeO2 are not much dependent on the Ge orientation, 

and the calculated conduction band offset is approximately 1.1 eV indicating 

the suppression the leakage current in device applications. 
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FIG. 3.1 Relaxed atomic structures of the three types of Ge/a-GeO2 interface 

models, in which the Ge surface is (a) (100), (b) (110), and (c) (111). The 

black and light grey circles represent Ge and O atoms, respectively.  
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FIG. 3.2. Typical interface bonds of (a) Ge–Ge and (b) Ge–O, indicated by 

the black triangle arrowhead. The horizontal dotted line indicates the 

interface boundary between Ge and a-GeO2.     
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FIG. 3.3 (a) Bond length distribution in the Ge/GeO2 interface region. The 

upper and lower horizontal dashed lines indicate the bond length of Ge–Ge 

in bulk Ge and that of Ge–O in c-GeO2, respectively. (b) Interface energy 

and interface bond density for the Ge/a-GeO2 interfaces with different Ge 

orientations. 
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FIG. 3.4 Partial density of states for Ge atoms with various valence and 

bonding configurations at Ge(100)/a-GeO2 interfaces. The valence and 

conduction band edges of the Ge bulk region are indicated by vertical dashed 

lines, and the change of superposition in the pDOS of •Ge≡Ge3  atom is 

labeled by an arrow. 
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FIG. 3.5 (Continued). 
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FIG. 3.5 (Continued). 
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FIG. 3.5 pDOSs for various (a) Ge(100)/a-GeO2, (b) Ge(110)/a-GeO2  and  

(c) Ge(111)/a-GeO2 structures. The valence and conduction band edges of 

the Ge bulk region are indicated by vertical dashed lines. The model 3 of the 

Ge(100)/a-GeO2 interface is identical to Fig. 2. 
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FIG. 3.6 The position for peaks of dangling bond (DB) states of Ge in the 

band structure vs. Bader charge for various Ge defect configurations 

observed in all the models of three Ge orientations. The valence band 

maximum (VBM) and conduction band minimum (CBM) of the Ge atom 

are indicated by the horizontal dashed lines. 
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FIG. 3.7 (a) Schematic of the band alignment calculation for the Ge/a-GeO2 

interface. (b) Planar-averaged local electrostatic potential across the Ge/a-

GeO2 interface. 
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FIG. 3.8 Calculated band alignment at the Ge/a-GeO2 interfaces with 

different Ge orientations. 
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Chapter 4. Structural and electronic properties of 

epitaxial high-k La2O3(001)/Ge(111) heterostructure 

 

4.1  Introduction 

Germanium is one of the candidates for the next-Si p-type channel 

materials in complementary metal-oxide-semiconductor field effect 

transistor (MOSFET) logic devices due to its much higher hole mobility 

compared to Si [1,2]. Despite the progress that has been made in this regard 

in the past decades, there is still room for the improvement of the interface 

properties, such as the interface traps between Ge and the high-κ dielectric 

layer, which is crucial when the device is scaled down. One of the current 

solutions is the insertion of an amorphous GeO2 interlayer between Ge and 

the high-κ layer to reduce the interface traps. Unlike Si, however, the native 

oxide of Ge is unstable and readily decomposes into GeOx suboxide, which 

has a high density of dangling bonds (DBs) at the interface [3,4]. These 

interface trap states, which have been reported to be difficult to suppress 

through hydrogen passivation, significantly degrade the performance of the 
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Ge-based MOSFET [5-7]. Therefore, the challenge of finding a high-κ gate 

dielectric forming a high-quality interface with a low interface trap density 

in contact with Ge is still a critical issue in Ge-based devices. The high-κ 

materials must satisfy various properties, such as stability, sufficient band 

offsets, and absence of interface states within the bandgap of Ge, to be an 

appropriate gate dielectric on Ge. 

Various high-κ gate dielectric materials, such as HfO2 and ZrO2, have 

been incorporated into Ge gate stacks with minimal degradation of the 

interface [8,9]. Their limited κ value (<~20), however, hinders the further 

scaling of the HfO2 and ZrO2 films, which triggers researches with the aim 

of searching for an even higher κ value. Among the various higher-κ 

materials, La2O3 is attractive due to its κ value of ~30 and sufficient band 

offsets for both the conduction bands (CBs) and the valence bands (VBs) 

when deposited on a Ge substrate [10]. It has also been reported that the 

La2O3 deposited on Ge(001) is polycrystal, but that deposited on Ge(111) is 

a (001)-oriented single crystal without a GeOx interface layer [11], which is 

related to the epitaxial atomic arrangement of Ge(111) and hexagonal 

La2O3(001) due to the low lattice mismatch. This is crucial in forming the 
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direct Ge/high-κ heterojunction without the undesirable GeOx buffer layer 

[12,13]. This finding indicates that the interface properties of the Ge/La2O3 

interface need to be carefully understood. Despite the experimental works 

on Ge/La2O3 heterostructures, a fundamental understanding and prediction 

of the atomic structures of the interface and related properties have yet to be 

achieved. 

In this work, first-principles calculations were performed to examine the 

Ge(111)/La2O3(001) interface by considering various interface atomic 

configurations. The calculation results showed that the energetic stability 

and electronic properties of the Ge(111)/La2O3(001) heterostructure are 

susceptible to the detailed atomic configuration of the interface and the 

polarization of La2O3, exhibiting distinct variations in the interface gap 

states and band alignment depending on the direct bonding type between the 

two materials. 
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4.2  Computational details 

All the calculations were performed using the Vienna Ab-initio 

Simulation Package (VASP) [14,15]. For the structural optimization, the 

projector-augmented wave (PAW) method with PBE [16] pseudopotentials 

was used, with 500 eV cutoff energy. For the electronic structure, on the 

other hand, the hybrid functional (HSE06) [17] was adopted using the exact 

exchange coefficient of 0.28, which successfully reproduced the 

experimental bandgaps of Ge bulk (0.73 eV) and La2O3 bulk (5.85 eV). 

A supercell composed of Ge(111)/La2O3(001) was generated to examine 

the epitaxial structure of La2O3(001) on a Ge(111) substrate. The Ge(111) 

slab has two types of termination: the Ge(111)-A surface with one DB and 

the Ge(111)-B surface with three DBs, as shown in Fig. 4.1(a). On the other 

hand, La2O3 has a hexagonal structure (space group P-3m1) with lattice 

parameters of ahex = 3.933 Å and chex = 6.147 Å [18] where the La2O3(001) 

slab composed of alternating La and O layer stackings has five non-

equivalent types of surface termination, as shown in Fig. 4.1(b): La2O3(001)-

La(1), -O(1), -O(2), -La(2), and -O(3). Therefore, ten different types of 

interface atomic configuration for the Ge(111)/La2O3(001) models were 
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examined: six sets of Ge-O-bonded models and four sets of Ge-La-bonded 

models, respectively. For the La2O3 slab in the supercell, the in-plane lattice 

parameter was set as that of the Ge(111) slab, which imposed the in-plane 

tensile strain of 1.7 % on the La2O3 slab. For these interface models, an 

approximately 20-Å-thick vacuum was included, and dipole correction was 

also considered along the vacuum direction to prevent spurious electrostatic 

interactions. The atomic positions of the eight monolayers at the bottom of 

the Ge slab                                                                     

were kept fixed, while the rest of the atoms in the four monolayers near the 

Ge/La2O3 interface and all the atoms in the La2O3 slab composed of 15 

monolayers (3-unit-cell length along the [001] direction) were relaxed using 

a -centered 4×4×1 k-point mesh, ensuring the convergence of the 

Hellmann-Feynman force below 10 meV Å-1. The bottom Ge surface was 

passivated by hydrogen to avoid undesired DB states. One of the 

Ge(111)/La2O3(001) interface structures whose interface consisting of 

Ge(111)-A and La2O3(001)-O(3) surfaces is shown in Fig. 4.1(c). 

To predict the stability of the interface structure, interface energy Eint 

was obtained:  
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Eint= (ESC-EGe-ELa2O3)/A,                        (1) 

where ESC, EGe, and ELa2O3 are the total energies of the relaxed 

Ge(111)/La2O3(001) supercell, Ge slab, and in-plane-strained La2O3(111) 

slab, respectively, and A is the truncation area of the Ge(111)/La2O3(001) 

supercell. 
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4.3  Results and discussion 

4.3.1 Interface atomic property of Ge/La2O3 heterostructures 

The interface energies and interface bond lengths for the 10 interface 

atomic configurations are summarized in Table 3.1. In general, the interfaces 

formed by Ge(111)-A termination and La2O3(001) showed lower interface 

energies compared with those formed by Ge(111)-B termination and 

La2O3(001). For some models, such as models 4 and 8, interface bonding 

between Ge(111)B and La2O3 was not formed, indicating that the interface 

with Ge(111)-B termination is less stable than that with Ge(111)-A 

termination. 
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Table 3.1. Interface energy and interface bond length for various interface 

atomic configurations in Ge(111)/La2O3(001) structures.  

Model 
Ge(111) 

termination 

La2O3(001) 

termination 

Interface 

energy (J/m2) 

Interface bond 

length (Å) 
Note 

1 A O(1) 1.48 2.006  

2 B O(2) 1.36 2.068  

3 A O(3) -1.43 1.873  

4 B O(1) 3.23 - Detached 

5 A O(2) -1.06 1.782 

Atomic 

sequence 

changes to 

model 3 

6 B O(3) 2.28 2.455  

7 A La(1) -1.15 3.021  

8 B La(2) 2.02 - Detached 

9 B La(1) 1.68 3.206  

10 A La(2) -1.12 3.233 

Atomic 

sequence 

changes to 

model 7 
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Among the six Ge-O-bonded models (models 1-6), models 3 and 5 had 

relatively lower interface energies. For model 3, the interatomic distance of 

Ge-O after relaxation was almost the same as that of the as-constructed 

model, suggesting the initial robustness of the assumed structure. On the 

other hand, a significant atomic displacement was observed in model 5 

during relaxation. Finally, the atomic configuration of model 5 relaxed 

towards that of model 3. Meanwhile, among the four Ge-La-bonded models 

(models 7-10), model 7 showed the lowest interface energy. The negative 

values in the interface energy are attributed to the fact that the reference state 

of the La2O3 slab in eq (1) is under the in-plane strain state. It is noted that 

model 3 with a Ge-O-bonded interface had the lowest interface energy, 

which is consistent with the experimental observation that the epitaxially 

grown La2O3(001) on Ge(111) showed Ge-O bonds but did not show Ge-La 

bonds [11]. 

  



 
 

88 

 

4.3.2 Partial DOS and band bending effect of Ge(111)/La2O3 

For the investigation of the electronic structures, only the lowest-energy 

structures of the Ge-O-bonded model (model 3) and the Ge-La-bonded 

model (model 7) were comparatively considered. They will be referred to as 

the Ge-O and Ge-La models, respectively. Fig. 4.2(a) and (b) show the 

partial density of states (pDOS) for the Ge-O and Ge-La models, respectively, 

where slab Ge means the Ge atoms in the fixed region in the Ge slab, as 

indicated in Fig. 4.1(c). The pDOS of the interface Ge with four-fold 

bonding with three Ge atoms and one O atom at the interface region in Fig 

4.2(a) remained similar to that of slab Ge, with an approximately 0.7 eV 

bandgap. In contrast, for the Ge-La model in Fig 4.2(b), the pDOS of the 

interface Ge atom having a bond with interface La shows clear gap states 

immediately above the VB edge of Ge. This gap state is consistent with a 

previous calculation in the Ge(100)/La2O3 supercell reporting that the gap 

states induced by the Ge-La bond is attributed to the fact that the Ge-La bond 

in Ge(100)/La2O3 fails to fully passivate the DB states of the Ge atom [19]. 

The alignment of the VBs and CBs across the interface is an important 

feature governing the electronic properties of a heterostructure. In the 
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simplest macroscopic picture of a semiconductor heterostructure, the band 

alignment is determined by assuming a common vacuum level and taking 

the electron affinity of each bulk material as the CB edge, then locating the 

VB edge below the CB edge according to the bandgap of each bulk material. 

The band alignment predicted through this method is shown in Fig. 4.3. An 

inevitable problem of this model, however, is the inaccuracy caused by 

neglecting the effects of the interface atomic structure as well as the interface 

strain, which may induce additional charge transfer and thus affect the band 

alignments. On the other hand, the band alignments considering the interface 

effects can be extracted either by evaluating the pDOS of the atoms along 

the interface normal direction (z-axis) of the heterostructure or by aligning 

the band edges with the local electrostatic potential profile along the z-axis. 

First, the band evolution profiles for the Ge-O and Ge-La models were 

obtained by evaluating the pDOS of the interface structure along the z-axis, 

as shown in Fig. 4.4 (a) and (b), respectively. Both figures clearly show the 

band bending across the La2O3 slab, and the bending tendencies are opposite 

each other: for the Ge-O model in Fig. 4.4(a), a VB offset (VBO) increase 

from 2.46 to 3.43 eV and a CB offset (CBO) decrease from 2.61 to 1.57 eV 
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from the interface region to the La2O3 surface are shown. On the contrary, 

for the Ge-La model shown in Fig. 4.4(b), a VBO decrease from 2.39 to 1.02 

eV and a CBO increase from 2.61 to 3.73 eV were observed, respectively. 

Such results are attributed to the local dipole inside La2O3, which affects the 

band alignment of the heterostructure. 

To confirm the validity of these calculated band alignments and to 

examine the dipole-related phenomena, the band alignment with respect to 

the local electrostatic potential of the interface structure was also evaluated. 

The calculated local electrostatic potentials are shown as black lines for the 

Ge-O and Ge-La models in Fig. 4.4(c) and (d), respectively. The average 

local potential along the z-axis was calculated and indicated as a red line by 

adopting the previously reported method [20]. By doing so, the local 

potential difference induced at the interface between Ge and La2O3, Vint, 

was obtained. On the other hand, the local potential difference along the z-

axis of the La2O3 region, VLO, which is caused by the alternating La3+ and 

O2- layers along the z-axis, was also obtained. Note that the dipole direction 

in the La2O3 slab in the Ge-O model is opposite that in the Ge-La model.  

After the estimation of the average local electrostatic potential, the 
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location of the VB maximum (VBM), the Fermi level, and the CB minimum 

(CBM) of the supercell were aligned based on the energy difference between 

these levels of bulk Ge and the average electrostatic local potential [21]. On 

the other hand, the VBM and CBM of the right end of the La2O3 region were 

estimated by adding the VLO, keeping the Fermi level the same all over the 

interface structure. The estimated band alignment for the Ge-O and Ge-La 

models are shown in the upper parts of Fig. 4.4(c) and (d), respectively, 

indicated by blue lines. Following the VLO in the La2O3 region, the band 

bending of the Ge-O and Ge-La models also had the opposite tendency.  

For the Ge-O model, the VBO and CBO at the interface region were 

calculated to be 2.37 and 2.42 eV, respectively. Due to the band bending 

caused by the dipole in the La2O3 region VLO of 1.13 eV, the VBO increased 

to 3.51 eV and the CBO decreased to 1.28 eV at the La2O3 surface region. 

In contrast, for the Ge-La model, the VBO decreased from 2.09 eV at the 

interface region to 0.73 eV at the La2O3 surface region, while the CBO 

increased from 2.70 eV at the interface region to 4.06 eV at the La2O3 surface 

region, when VLO of 1.36 eV was considered. The reason for the difference 

in the VLO values for the Ge-O and Ge-La models is not yet clearly 
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understood, but the difference may be caused by the dipole variation 

originating from the charge transfer at the interface. Meanwhile, the band 

structure of the strained La2O3 bulk was confirmed to be similar to that of 

the strain-free La2O3 bulk, although the bandgap of the former (5.52 eV) was 

slightly lower than that of the latter (5.85 eV). The band structures are 

compared in Fig. 4.5. 

The band alignment obtained by the pDOS (Fig. 4.4(a) and (b)) and that 

estimated from the average local electrostatic potential (Fig.4.4(c) and (d)) 

show reasonable agreement on the quantitative values in the band offsets. 

They also show good agreement on the band bending in the La2O3 region 

depending on the interface atomic bonds and surface termination, which 

cannot be predicted by the approximated model shown in Fig. S2 of the 

supplementary material. To verify the uniform electrostatic potential 

difference across the La2O3 region irrespective of its thickness, the local 

electrostatic potential for the Ge-O models with a thicker La2O3 region were 

also tested. Fig. 4.6 (a), (b), and (c) show the local electrostatic potential 

(black line) and its average (red line) for the Ge-O model with 3-, 4-, and 5-

unit cell lengths of La2O3 along the z-axis, respectively. They show that the 
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VLO values are quite similar regardless of the thickness difference. This 

finding indicates that the La2O3 is polar and the VLO is induced by the 

uncompensated charge effects (dipoles) on the La2O3 surface and interface. 

The Ge-O model was calculated to be more favorable than the Ge-La 

model in terms of energy, which is consistent with the experimental reports 

[11], and did not show the interface gap state. In addition, it showed 

sufficiently large VBO and CBO values (over 1 eV). Therefore, the 

La2O3(001) deposited on a Ge(111) substrate is suggested to be a feasible 

gate oxide without forming GeOx suboxide. In fact, a recent study reported 

that a Lu-doped La2O3/La2O3(001)/Ge(111) device without any extra 

passivation layer showed capacitance-voltage (C-V) characteristics with 

negligibly small hysteresis, and a low interface trap density (Dit) (less than 

1012 cm-2 eV-1) [22]. These findings imply the importance of controlling the 

orientation of both the high-κ and semiconductor materials as well as the 

interface atomic bonds to improve the interface properties. 
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4.4  Summary 

The energy stability of all the possible interfacial atomic configurations 

of the epitaxial Ge(111)/La2O3(001) structures was investigated. In general, 

the Ge-O-bonded interface is energetically preferred to the Ge-La bonded 

interface. In addition, the former has no interfacial gap states while the latter 

does, immediately above the valence band (VB) edge of Ge. The band 

alignment of the Ge(111)/La2O3(001) structures with a Ge-O-bonded 

interface was compared to those with a Ge-La-bonded interface through two 

methods considering the interface effects: One is the evaluation of the band 

alignment from the pDOS along the interface normal direction, and the other 

is the prediction from the local electrostatic potential profile. For the results, 

the band alignment near the interface was found to be affected by the charge 

transfer at the interface, and the band bending across the La2O3 slab was 

found to be caused by the dipole inside the slab. The band bending of the 

Ge-O model is opposite that of the Ge-La model due to the two models’ 

opposite slab dipoles. These results imply the importance of the interface 

atomic configuration on the future design of coupled functional oxide-

semiconductor devices. 
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Figure 4.1. Schematics for (a) the two types of surface termination of 

Ge(111), (b) five types of surface termination of La2O3(001), and (c) one of 

the Ge(111)/La2O3(001) interface structures whose interface consists of 

Ge(111)-A and La2O3(001)-O(3) termination (model 3, Ge-O model).  
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Figure 4.2. pDOSs for (a) the Ge-O model (model 3) and (b) the Ge-La 

model (model 7) of the Ge(111)/La2O3(001) interface structures. 
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Figure 4.3. Band alignment estimated from the Ge bulk and strain-free La
2
O

3
 

bulk. The CB edge was calculated from the electron affinity of each bulk 

material, assuming a common vacuum level, then the VB edge was set below 

the CB edge by the bandgap of each bulk material. This method, however, 

neglects the interface atomic structure and interface strain.  
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Figure 4.4. Band alignments for (a) the Ge-O model and (b) the Ge-La 

model calculated by the pDOS along the z-axis. Band alignments (blue 

line) for (c) the Ge-O model and (d) the Ge-La model estimated from the 

local electrostatic potentials (black lines) and their average (red line). 
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Figure 4.5. Electronic band structure of the bulk (red dashed line) and 

epitaxially strained (black solid line) La
2
O

3
 along the [001] direction.  
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Figure 4.6. Local electrostatic potentials (black lines) and their average (red 

line) for the Ge-O model with (a) a 3-unit-cell, (b) a 4-unit-cell, and (c) a 5-
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unit-cell length of La
2
O

3
(001) along the z-axis, respectively. (a) is the same 

as the bottom part of Figure 4.1(c). 
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Chapter 5. Oxidation behavior of Ge nanowire 

structure 

 

5.1  Introduction 

 

The Ge nanowire (NW) is highly promising for conventional field-

effect-transistor (FET) and gate-all-around (GAA) FET devices due to its 

low drive voltage, low intrinsic resistivity and efficient channel control 

properties [1, 2]. Difference between nanowire and bulk Ge structure is, in 

nanowire the charge carriers are confined in the transport direction. If 

nanowire diameter is small enough, quantum confinement will play an 

important role in electronic properties of nanowire structure. This makes our 

motivation on Ge nanowire structure study. In contrast to the Si/SiO2 

interface, the thermal oxidation of Ge does not provide a high-quality 

interface [3,4]. Therefore, the understanding of the interaction of oxygen 

with the Ge NW surface is crucial for improving the performance of Ge NW-

based devices. As an initial oxidation, the oxygen adsorption on bulk Ge 

surfaces has been widely studied for the slab case. However, the adsorption 
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on the Ge NW surface has rarely been investigated. Even the interface 

between the Ge NW and its oxide has hardly been reported to date. If the 

NW diameter is small enough, quantum confinement plays an important role 

in the electronic properties [5]. Therefore, a deep understanding of the 

interaction with adsorbed oxygen and the interface with GeO2 for the Ge 

NW is important.  

In this work, the first-principles calculations are employed to investigate 

the adsorption behavior of a single oxygen atom and the interface with 

amorphous GeO2 (a-GeO2) for Ge[001] NWs. Ge nanowire models with 

different diameter and wire orientations are constructed. Ge [001], [011], 

[111] oriented wires are investigated as shown in Fig. 5.1. Effective diameter 

of Ge nanowire is from 1nm to 2nm, and surface of NW is passivated by 

hydrogen atoms. The effects of the NW diameter (D) on the atomic 

structures and the electronic properties are examined in comparison with the 

Ge slab case. For the oxygen adsorption, the adsorption configuration, 

adsorption energy, and electronic structures are determined. On the other 

hand, for the interface with a-GeO2, the interface bond characteristics, band 

gap, and band offsets are obtained.  
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5.2  Computational details 

The calculations were performed using density functional theory 

calculations as implemented in the Vienna Ab-initio Simulation 

Package (VASP) [6]. The projector augmented wave (PAW) method 

with PBE pseudopotentials with a cutoff energy of 500 eV was used 

[7]. For the electronic structures, on the other hand, the hybrid 

functional (HSE06) [8] using the exact exchange coefficient of 0.28 

was adopted, which yielded a band gap of 0.73 eV, successfully 

reproducing the experimental band gap at 0 K of 0.74 eV. The 4s and 

the 4p orbital electrons for Ge atoms and the 2s and 2p orbital electrons 

for O atoms were treated as valence electrons. The Ge[001] NWs 

having diameters ranging from 0.8 to 2 nm were selected as the model 

systems: (3×3)NW, (5×5)NW, and (7×7)NW. The {110} side walls of 

the NWs were passivated with hydrogen atoms, as the model 

constructed in the study has been proved to be enough to explain the 

surface binding and the quantum confinement effect in previous Si 

nanowire study [9]. The vacuum space was set to be ~20 Å by the 

convergence test of the total energy. The gamma-centered 1×1×4 k-
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points mesh was used for the NW having the smallest diameter, and 

the k-points density was adjusted for the other larger NWs based on 

the diameter. The atomic coordinates within the supercell were fully 

optimized, and all atoms were allowed to relax until the forces were 

smaller than 0.001 eV/Å. 

For the calculations of the oxygen adsorption, only the adsorption of 

an atomic oxygen was considered because previous studies suggested 

that the oxygen adsorption process on the Ge surface tended to be 

dissociative [10,11]. Several possible adsorption sites were constructed, 

as shown in Fig. 5.2: the top site on the surface of Ge NW (TSNW), a 

hollow site with the O atom folded into the side wall (HSNW), and a 

bridge site having Ge-O-Ge bonds (BSNW). For comparison, similar 

oxygen adsorption sites on the Ge bulk slab were also considered: 

dangling bond site (DBslab) and bridge site (BSslab) as in previous report 

[9]. Note that the atomic configuration of the TSNW is comparable to 

that of the DBslab while the atomic configuration of the BSNW is 

comparable to that of the BSslab. 
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The adsorption energy was calculated using the following equation: 

                ��� = ���� − ��� − 1/2���             (1)  

where Etot is the total energy of the NW having an adsorbed oxygen at

om, EGe is the energy of the bare Ge NW, and ���
 is the energy of an

 isolated oxygen molecule, respectively. ���
 was obtained from spin-

polarized calculations of the triplet state O2 molecule. However, the c

alculated binding energy of O2 of 5.56 eV, has unneglectable differenc

e when compared with experimental value of 5.12 eV, showing the w

ell-known overbinding tendency of the PBE pseudopotential [12-

14]. Therefore, a calibration using the difference between these two v

alues, which was adopted from previous calculations, was performed 

throughout this study [15, 16].  

For the investigation of the interface between the Ge[001] NW and 

a-GeO2, one of the sidewalls of the Ge NW was in contact with a-GeO2, 

as shown in Fig. 5.3. As in our previous method, for the generation of 

a-GeO2 [17], a crystalline GeO2 supercell was amorphized through 

initial randomization with a molecular dynamic simulation at 5000 K 
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for 2 ps, followed by melting at 2500 K for 10 ps, and a final quenching 

process from 2500 to 0 K at a cooling rate of 100 K/ps. The density of 

a-GeO2 was kept the same with the experimental value of 3.6 g/cm3 

[18]. The calculated band gap of a-GeO2 was ~5.5 eV, which is close 

to that of experimental value around 5.6 eV [19]. The generated a-

GeO2 cell was combined with the Ge NW and relaxed.  
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5.3  Results and discussion 

5.3.1 Ge nanowire structural properties 

 

The difference between Si and Ge is important, as there are already 

many researches on Si nanowire, but a systematic study on Ge nanowire is 

still quite rare. So comparison between Si and Ge nanowire will provide 

insightful results for Ge NW study. The equilibrium lattice constant of Ge 

nanowire is calculated by relaxing nanowire models, which is shown in Fig 

5.4. In the wire direction, it can be observed axial expansion with small sized 

nanowires. When nanowire size reaches 2nm, the expansion is negligible. In 

the silicon case, the lattice expansion is not evident in wires until diameter 

is larger than 4nm. 

The band gap of Ge nanowire is plotted with surface-volume ratio of 

nanowires in Fig 5.5. We can see that the band gap of Ge nanowire is linearly 

proportional to SVR under the effect of quantum confinement. For different 

orientations, in the same SVR, [001] nanowire will have largest band gap 

while [110] nanowire has smallest band gap. This conclusion holds for both 

silicon and Ge nanowires. Ge band gap profile also have a larger slope 
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compared with silicon nanowire, so Ge nanowire will have more prominent 

quantum confine6ment effect. Though Ge bulk materials showed clear 

indirect band structure from gamma to L, in [001] and [011] directions, Ge 

nanowire showed direct band gap, and in [111] direction, all NW models 

showed indirect band gap. 

The electronic properties of bulk Si and Ge has a distinct difference. The 

conduction band minima of Si is on [001] direction, when nanowire is made 

along [001] direction, 4 sub-states will be folded to gamma point of the 

brillioune zone, overlapped with valence band maximum. Therefore, the 

[001] direction Si NW will have a direct band gap. But for Ge materials, 

conduction band minima is at [111] direction. When nanowire with different 

direction is made, those sub-band will be folded to different positions along 

x-gamma direction. In this way, the band projection of Ge nanowire can be 

obtained, and band structure of Ge can be compared with silicon band with 

SVR. 

As shown in Fig 5.6, when compressive strain is applied along axial 

direction, a clear band gap increase can be observed, and tensile strain will 
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bring a band gap decrease in the Ge nanowire. Such change is caused mainly 

by the change in the CBM of the nanowire, as VBM usually show much 

smaller change along with different stress. Silicon nanowire results are also 

provided as comparison. We can see that silicon nanowire is less sensitive 

to uniaxial stress. This makes Ge nanowire more easily modulated in future 

device fabrication. 
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5.3.2 Surface properties of the Ge NW with initial oxygen 

adsorption 

 

Figure 5.7 shows the adsorption energy of an oxygen atom and the bond 

length of Ge-O for the various adsorption configurations depending on the 

diameter of the NWs in comparison with those in the slab case. The 

adsorption stability of an oxygen atom varies with the adsorption site as well 

as the size of the Ge NW. In addition, for the same adsorption configuration, 

the adsorption energy and the bond length vary slightly with the location 

with respect to the corner of the NW. In general, the BSNW is the most stable 

among the adsorption sites on NWs, and the BSslab is the most stable in the 

case of the slab. Moreover, the adsorption energy of the BSNW does not show 

any obvious change with the NW diameter. On the other hand, the adsorption 

energy of the TSNW is slightly higher than that of the corresponding DBslab. 

Figure 5.7(b) shows that the Ge-O bond lengths in NWs are comparable to 

the corresponding values in slab. The general tendency is that the bond 

length of the BSNW is longest and that of the HSNW is the smallest. The 

longest bond length being in BSNW may possibly be attributed to the 
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formation of the Ge-O-Ge bond. These results are in agreement with those 

of a previous theoretical study on oxygen adsorption on Ge(100) by Kirchner 

and Baerends, and are comparable to the bond length in GeO2 with a rutile 

structure [21]. This implies the probable formation of new Ge-O-Ge bonds 

irrespective of the NW diameter.  

Figure 5.8 (a), (b) and (c) shows the band structures of the bare NW and 

the NW with an O atom adsorbed. For a certain adsorption configuration 

having multiple possible locations with respect to the corner of the NW, the 

most stable location was chosen. The bare [001] (3×3), (5×5) and (7×7) 

NWs have a semiconducting behavior with direct band gaps of 3.45 eV, 2.60 

eV and 2.14 eV, respectively. They are much larger than the calculated band 

gap of bulk Ge, 0.73 eV, indicating a strong quantum confinement effect as 

reported in previous works [3, 5]. The adsorbed oxygen atom induces extra 

states across the original band gap, depending on the adsorbed 

configurations. For the TSNW configuration, the defect levels are below the 

Fermi level. For the HSNW configuration, they are spread across the Fermi 

level, while the BSNW induces extra states above the Fermi level. Figure 5.8 
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(d) shows the partial density of states (pDOS) for the (5×5) NWs. The 

pDOSs for the TSNW and HSNW are spin polarized due to unoccupied states. 

The extra levels which are induced by oxygen adsorption and exist in the 

band gap of the bare Ge NW may play a substantial role. This is significantly 

different from the case of Ge bulk [22].  
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5.3.3 Atom model and band structure calculation of Ge 

nanowire/Ge oxide 

 

For the interface between the Ge NW and a-GeO2, the bond length along 

the normal direction to the interface is presented, with the zero point being 

located at the initial bottom of the a-GeO2 slabs in Figure 5.9 (a). As in our 

previous work on the interface between the Ge bulk slab and a-GeO2 [17], 

the interface region is composed of the Ge suboxides formed by atomic 

relaxation, whose thicknesses are approximately 2~3 Å. The band offsets 

between the Ge NW and a-GeO2 were also obtained for these three different 

sized NWs by comparing the pDOSs of Ge NW and a-GeO2, as shown in 

Fig. 5.9 (b). Figure 5.9 (c) shows that the valence band offset (VBO) of the 

Ge NW/a-GeO2 interface changes more noticeably along the diameter 

compared to the conduction band offset (CBO). Even the Ge[001] NW with 

the smallest diameter maintains a relatively large CBO and VBO with the a-

GeO2 layer. Therefore, the band offsets of Ge NW FETs can be tuned by 

adjusting the diameter of the Ge NW.  
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5.4 Summary 

The adsorption behavior of atomic oxygen on the sidewalls of 

Ge[001] NWs was studied through density functional theory 

calculations. The bridge site in the NW (BSNW) is the most stable for 

oxygen adsorption, which is in accordance with the fact that the bridge 

site in a slab (BSslab) is the most stable. The adsorption stability does 

not depend much on the NW diameter. In contrast, the band gap 

substantially increases as the diameter decreases from 2 nm to 0.8 nm, 

and gap states are introduced in the middle of the bare Ge NWs due to 

the quantum confinement effects. These electronic properties distinctly 

depend on the NW diameter. Irrespective of the NW diameter, the 

interface region between the Ge NW and a-GeO2 is composed of Ge 

suboxides, like those between the Ge bulk slab and a-GeO2. The 

valence band offset between the Ge NW and a-GeO2 decreases 

considerably as the NW diameter shrinks while the conduction band 

offsets show less dependence on the NW diameter. 
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Fig 5.1.  Atomic structures of Ge[001], [011], [111] nanowire model(top 

view) 
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Fig. 5.2. Adsorption configurations of the top site (TSNW), the hollo

w site (HSNW) and the bridge site (BSNW).  
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Fig. 5.3. Interface structures composed of a Ge NW and a-GeO2 with various 

Ge NW diameters.  
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Fig 5.4. Equilibrium lattice constant of Ge nanowire (left) and Si nanowire 

(right); 
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Fig 5.5. Ge nanowire band gap against surface-volume ratio (left) 

compared with Si nanowire band gap (right). 
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Fig 5.6 Ge nanowire band gap change with uniaxial strain along different 

directions 

 



 
 

125 

 

  

(a) 

 

(b) 

 

Fig. 5.7. (a) Adsorption energy and (b) Ge-O bond length for Ge[001] NWs 

with various diameters in comparison with the corresponding values from 

Ge slab surface.  
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      (a)                             (b) 

 

 

          

     (c)                            (d) 

 

 

 

 

 

 

 

Fig. 5.8. Band structures for various oxygen adsorption configurations: (a) 

(3×3)NW (b) (5×5)NW and (c) (7×7)NW. (d) Density of states for various 

oxygen adsorption configurations for a (5×5)NW. 
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(a) 

 

(b) 

 

(c) 

 

 

 

Fig. 5.9 (a) Bond length distribution in the Ge[001] NW/a-GeO2 interface 

region for (3×3)NW, (5×5)NW and (7×7)NW. The upper and the lower 

horizontal dashed lines indicate the bond length of Ge–Ge in bulk Ge and 
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that of Ge–O in GeO2 with a rutile structure, respectively. (b) DOSs of 

Ge[001] NW/a-GeO2 interface structures for (3×3)NW, (5×5)NW and 

(7×7)NWs. (c) Band offsets of Ge[001] NW/a-GeO2 in comparison with 

those of Ge bulk/a-GeO2 [16]. 
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Chapter 6. Conclusion 

 

The present thesis addresses the DFT calculation on Ge device, with 

particular focus on the interfacial region between Ge and functional oxide 

layers. The actual interface structure at Ge interfaces remains an open 

question. There are several results indicating that substoichiometric 

germanium oxide is intrinsically different than its silicon counterpart. In 

particular in chapter 2, the adsorption of O atoms on the Ge surfaces for a 

wide range of atomic configurations and coverages are systematically 

investigated by the ab-initio thermodynamics. We calculate the adsorption 

energy and related properties of oxygen atom on Ge(100) surface on 

different sites, and dimer-bridge structure is confirmed to be most stable 

configuration. We also show that the larger the coverage is, the higher the 

adsorption energy of oxidized surfaces. We report the thermodynamic 

stability plot of O-Ge(100) reconstructed surface, and the computational 

results are broadly consistent with experimental observation, which 

highlights the ability of DFT free energy calculations to describe the 

thermodynamics of surface reconstruction for Ge material.  



 
 

133 

 

Next in chapter 3, the atomic and electronic structures of Ge/a-GeO2 

interfaces are investigated for the three Ge orientations of (100), (110), and 

(111) by the first-principles calculations. The interface energy is the highest 

for the Ge(100)/a-GeO2 interface and the lowest for the Ge(111)/a-GeO2 

interface. On the contrary, the interface bond density is the lowest for the 

Ge(100)/a-GeO2 and the highest for the Ge(111)/a-GeO2, implying that the 

bond formation stabilizes the interface. The suboxide interface layer 

dominates the density of states, especially when any Ge atom with 

uncompensated DBs may result in trap states in the band gap. The electronic 

band offsets of the Ge/a-GeO2 are not much dependent on the Ge orientation, 

and the calculated conduction band offset is approximately 1.1 eV indicating 

the suppression the leakage current in device applications. 

In chapter 4, the energy stability of all the possible interfacial atomic 

configurations of the epitaxial Ge(111)/La2O3(001) structures was 

investigated through first-principles calculations. In general, the Ge-O-

bonded interface is energetically preferred to the Ge-La bonded interface. In 

addition, the former has no interfacial gap states while the latter does, 

immediately above the valence band (VB) edge of Ge. The band alignment 
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of the Ge(111)/La2O3(001) structures with a Ge-O-bonded interface was 

compared to those with a Ge-La-bonded interface through two methods 

considering the interface effects: One is the evaluation of the band alignment 

from the pDOS along the interface normal direction, and the other is the 

prediction from the local electrostatic potential profile. For the results, the 

band alignment near the interface was found to be affected by the charge 

transfer at the interface, and the band bending across the La2O3 slab was 

found to be caused by the dipole inside the slab. The band bending of the 

Ge-O model is opposite that of the Ge-La model due to the two models’ 

opposite slab dipoles. These results imply the importance of the interface 

atomic configuration on the future design of coupled functional oxide-

semiconductor devices. 

Finally in chapter 5, we showed that hybrid density functional methods 

can be used to calculate accurate VBOs and core-level shifts for nanowire 

model interfaces. We found significant differences between the Ge nanowire 

and the Si nanowire structures. For a detailed understanding of the Ge 

NW/GeO2 interface a systematic physical characterization is needed. In 

particular, Ge NW/GeO2 interfaces realized with different growth 
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procedures should be distinguished. Only through such a detailed 

experimental analyze combined with atomistic simulations, we could 

enhance our detailed understanding of the structure of the Ge/GeO2 interface, 

and eventually make the realization of a Ge-based device possible. 
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